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preclinical and clinical pipeline with 
multiple mechanisms of action (Chen 
et al., 2010) that may help discern the 
subtle nuances that ultimately dic-
tate the cellular outcome (cytostatic 
versus cytotoxic) to p53 reactivation. 
Combining such therapies with inhi-
bition of the MAPK pathway is logical 
and predicated on well-established 
clinical observations. Thus, Ji and 
colleagues’ report provides a solid 
platform on which future experimen-
tation can be devised to delve into 
the molecular circuitry that predicts 
responses to this type of therapy.
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It’s All about Position: The Basal Layer 
of Human epidermis Is Particularly 
Susceptible to Different Types of 
Sunlight-Induced DNA Damage
Gary M. Halliday1 and Jean Cadet2
In this issue, Tewari et al. show that although UVB most effectively causes 
cyclobutane pyrimidine dimers (CPDs) at the human epidermal surface, UVA-
induced CPDs predominate in the basal layer. Previous studies found higher 
accumulation of UVA-induced 8-oxo-7,8-dihydro-2′-deoxyguanosine and 
mutations in the basal layer. Therefore, the epidermal basal layer is particularly 
sensitive to UVA-induced genetic damage and the formation of mutations.
Journal of Investigative Dermatology (2012) 132, 265–267. doi:10.1038/jid.2011.281
Despite extensive research, the rela-
tive roles of different wavebands 
within sunlight in causing skin cancer 
in humans are unresolved. Most likely 
all wavebands contribute, although 
whether they each initiate similar or 
different biological responses involved 
in carcinogenesis such as mutagenesis, 
suppression of immunity, apoptosis, 
and disruption to cell cycle control is 
unknown. UVB (290–320 nm), UVA2 
(320–340 nm), and UVA1 (340–400 
nm) may all damage similar biologi-
cal systems, including DNA as a main 
target, and therefore have cumulative 
effects. Alternatively, they may each 
cause distinct types or levels of dam-
age that then interact to make sunlight 
a potent carcinogen. This is a complex 
issue even with respect to a single dam-
age response such as mutagenesis. Even 
though, as mentioned, each waveband 
likely contributes to mutagenesis, there 
are probably mechanistic differences, 
with dissimilar final contributions to 
carcino genesis. Improvements in the 
prevention and therapy of skin can-
cer require a deeper understanding of 
these issues.
Features affecting sunlight-induced skin 
carcinogenesis: it’s all about position
An important consideration is the posi-
tion in the skin where mutations form. 
Cancers arise from dividing cells rather 
than from cells that are fully differen-
tiated and no longer able to divide. 
Essential characteristics of cancer cells 
are that they are capable of uncontrolled 
cell division and are not fully differen -
tiated. It is more likely that a cell capable 
of dividing will transform into a tumor 
than that a fully differentiated cell will 
regain the capacity of unlimited divi-
sion. Nonmelanoma skin cancers are 
derived from keratinocytes capable of 
division. These cells are located in the 
basal layer of the epidermis and even 
deeper within hair follicles. Therefore, 
to cause a skin cancer in humans, sun-
light must produce mutations in the basal 
layer; mutations at the surface of the skin 
are unlikely to make a large contribution 
to skin carcinogenesis. Because UVA is 
about 20 times more abundant than UVB 
in sunlight and penetrates more deeply 
into the skin, it has been estimated that 
100 times more UVA radiation than UVB 
reaches the dermis (Lim et al., 2001).
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Other factors affecting the location 
of mutations include the chromophores 
that absorb the radiation and how that 
energy, when absorbed, causes pho-
todamage to DNA. DNA photolesions 
form a mutation only if the cell divides 
before it is able to repair the damaged 
DNA, and it is well documented that 
photoproducts strongly differ in their 
mutagenic potential. This is particu-
larly the case for cytosine-containing 
dimeric photoproducts, which are 
much more mutagenic than cyclobu-
tane thymine dimers (T<>T) and the 
related pyrimidine (6-4) pyrimidone 
(6-4 TT) photoproduct. Hence, the rate 
of cell division, susceptibility to trans-
formation, depth-dependent exposure 
to the UV radiation, location of chro-
mophores, DNA repair capacity of the 
cell, and other defense mechanisms, 
such as antioxidant protection, all con-
tribute to the likelihood that a UVR 
waveband will cause skin cancer at a 
specific location within the epidermis.
Specific mechanisms involved in the  
formation of UVa Dna photoproducts
Major progress has been made over the 
past decade in the identification of the 
main UVA-induced DNA photoprod-
ucts in isolated cells and human skin as 
well as in elucidating the mechanism 
of their formation. Some of the early 
biological responses to UVA radia-
tion, including erythema, are oxygen 
dependent. It is worth mentioning that 
8-oxo-7,8-dihydro-2′-deoxyguanosine 
(8-oxodGuo), a ubiquitous biomarker 
of DNA oxidation, has been shown to 
be generated in human skin explants 
(Mouret et al., 2006; Cadet et al., 2009). 
The mechanism for the formation of 
8-oxodGuo, at least in human cells, has 
been rationalized in terms of a predom-
inant reaction (about 80%) mediated 
by singlet oxygen (1O2), a reactive oxy-
gen species generated by still unknown 
endogenous photosensitizer(s) (Cadet 
et al., 2009). The other minor oxidation 
reactions that give rise to 20% remain-
ing 8-oxodGuo, together with a low 
amount of oxidized pyrimidine bases 
and strand breaks, have been shown 
to involve the highly reactive hydroxyl 
radical as the result of Fenton reactions 
after the initial generation of unreactive 
superoxide radical and its conversion 
into hydrogen peroxide. The action 
spectrum for 8-oxodGuo formation in 
human fibroblast cells centers around 
390 nm, suggesting a major contri-
bution by the UVA1 subdomain over 
UVA2 in the formation of the major 
UVA DNA oxidation products (Kvam 
and Tyrrell, 1997).
There is now consensus that cyclo-
butane pyrimidine dimers (CPDs) 
represent the main class of UVA photo-
products in human cells, skin explants, 
and human skin, as is also the case 
for UVB radiation (Mouret et al., 
2006; Tewari et al., 2012, this issue). 
However, UVA, unlike UVB, is not 
able to generate detectable amounts 
of 6-4 TT, the precursors of the valence 
Dewar isomers. In addition, UVA 
radiation generates more T<>T at the 
expense of cytosine-containing CPDs 
than does UVB radiation, an obser-
vation that was initially rationalized 
in terms of a photosensitized triplet 
energy mechanism. This proposal was 
recently ruled out after it was found, 
on the basis of a detailed photophysi-
cal study (Banyasz et al., 2011), that 
base pairing in double-stranded DNA 
increases the possibility that UVA pho-
tons up to 400 nm will be absorbed 
by nucleobases. This finding probably 
explains the formation of CPDs by 
radiation in the UVA range (Mouret et 
al., 2010), albeit through mechanisms 
that have yet to be identified.
the basal layer of human epidermis is 
especially sensitive to UVa- but not 
UVB-induced genetic damage
The DNA repair enzyme 8-oxoguanine-
DNA glycosylase 1 (OGG1) is critical 
for the repair of 8-oxodGuo, prevent-
ing G:C → T:A mutations arising from 
this photolesion (Kozmin et al., 2005). 
Protein and mRNA localization stud-
ies have shown that OGG1 is poorly 
expressed in the basal layer of human 
epidermis compared with the upper 
epidermal layers. Keratinocyte differen-
tiation state appears to regulate expres-
sion of OGG1, with more differentiated 
cells having increased expression of 
this DNA repair enzyme. Consequently, 
UVA-induced 8-oxodGuo is repaired 
more slowly in the basal than in the 
upper layers of human epidermis. 
Whereas the upper layer of differenti-
ated keratinocytes completely repaired 
these photolesions within 2 hours of 
UVA exposure, there was no observ-
able repair in basal cells within this 
time frame (Javeri et al., 2008). Thus, 
slow repair of 8-oxodGuo makes the 
basal layer of human epidermis espe-
cially sensitive to accumulation of this 
photolesion compared with the upper 
layers of skin.
Young’s group (Tewari et al., 2012) 
exposed human volunteers to UVA1 
or UVB and studied T<>T and 6-4 PP 
formation and repair in different layers 
of the epidermis. UVB induced both 
of these photoproducts, whereas UVA 
formed T<>T but not 6-4 PP. Strikingly, 
although the amount of UVB-induced 
T<>T decreased with increasing epider-
mal depth, the number of T<>T formed 
in response to UVA1 showed the oppo-
site trend, increasing with depth. The 
largest concentration of UVA-induced 
T<>T was in the basal layer of the epider-
mis. These photolesions were detected 
immediately after irradiation, before any 
influence of DNA repair. This increased 
sensitivity of basal compared with sur-
face keratinocytes to the formation of 
UVA-induced CPDs was suggested to 
be due to radiation scattering. The inves-
tigators did not find differences in the 
repair kinetics of UVB- compared with 
UVA1-induced T<>T. Although this 
sensitivity of basal cells to formation of 
CPDs is different mechanistically from 
Clinical Implications
•  UVA is likely to be important in human skin carcinogenesis.
•  Protection from long-wavelength UVA is critical for reducing the 
incidence of skin cancer.
•  Understanding mechanisms by which UVA damages DNA in basal 
keratinocytes is a critical issue in photomedicine.
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the low-level repair of 8-oxodGuo pre-
viously described for basal cells (Javeri 
et al., 2008), both scenarios result in 
an accumulation of photolesions in 
this layer.
The dose of UVA used in the study 
by Tewari et al. (2012) was relatively 
high. They used doses of UVA1 and 
UVB that were comparably erythemal. 
The minimal erythemal dose (MED) 
of each waveband was determined 
and each volunteer was exposed to 3 
“notional MED” for each waveband in 
most experiments. The UVB dose of 90 
mJ/cm2 could be achieved within about 
10 minutes of exposure to noon sum-
mer sunlight (depending on conditions 
and latitude); however, the UVA1 dose 
of 146.4 J/cm2 would require several 
hours of noon summer sunlight expo-
sure. This is an informative experi-
mental design because, in addition to 
the differences between localization 
of UVB- and UVA1-induced T<>T, the 
investigators found that subjects’ UVB 
and UVA1 MEDs did not correlate. This 
suggests that UVB and UVA1 erythe-
ma occurs via different mechanisms. 
However, the much higher UVA:UVB 
ratio used in these studies (1,627:1) 
compared with the ratio in sunlight 
(about 20:1) would exaggerate the rela-
tive effect of UVA1 compared to expo-
sure to natural sunlight.
G:C → A:T mutations, which are 
likely to have developed from CPDs, 
have frequently been found in the p53 
gene of human skin cancers (Benjamin 
et al., 2008), and hotspot G:C → T:A 
mutations, likely to have developed 
from 8-oxodGuo, have been detected 
in the Brm gene in human skin cancers 
(Moloney et al., 2009). Whether UVA-
induced photolesions that predomi-
nate in the basal layer of the epidermis 
make this layer especially sensitive to 
mutagenesis, however, requires further 
study. UVA has been shown to result in 
a higher frequency of mutations in the 
basal compared with the upper layer of 
engineered human skin (EHS) (Huang 
et al., 2009). EHS resembles human 
skin both structurally and in its restric-
tion of dividing keratinocytes to the 
epidermal basal layer, with the upper 
layer containing fully differentiated 
squamous cells. Although the techni-
cal challenges of this approach limited 
the number of mutations that could 
be detected, no G:C → T:A mutations 
were detected. Therefore, this study did 
not prove a substantial role for UVA-
induced 8-oxodGuo in the induction 
of mutations in basal epidermis. A:T 
→ C:G transversions were the most 
frequent mutation in the basal layer of 
UVA-irradiated EHS. UVA also caused 
the formation of a G:C → A:T mutation, 
which is consistent with Tewari and col-
leagues’ report (2012) of UVA-induced 
CPD formation in basal keratinocytes.
conclusions
The vulnerability of the basal layer of 
human epidermis to accumulation of 
UVA-induced 8-oxodGuo and CPD 
photolesions is likely to make human 
skin more susceptible to UVA-induced 
carcinogenesis than has previously 
been appreciated. It is likely that dif-
ferent mechanisms are responsible 
for the increased sensitivity to differ-
ent photolesions and the high level of 
UVA-induced A:T → C:G mutations 
in the basal layer (Huang et al., 2009). 
However, the report by Tewari et al. 
(2012) is consistent with other stud-
ies that find the basal epidermal cell 
layer, containing dividing-stem and 
transit-amplifying cells, to be suscep-
tible to UVA-induced DNA damage. It 
would be of interest in future studies to 
delineate the respective biological role 
of oxidatively generated damage and 
CPDs. This could be achieved by com-
paring the effects of UVA1 and UVA2 
irradiation because the contribution of 
photooxidation reactions to DNA by the 
former appears to be much greater than 
that of UVA2’s more energetic photons.
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